Abstract The EH and EL enstatite chondrites are the most reduced chondrite groups, having formed in nebular regions where the gas may have had high C/O and/or pH 2 /pH 2 O ratios. Enstatite chondrites (particularly EH) have higher CI-and Mg-normalized abundances of halogens (especially F and Cl) and nitrogen than ordinary chondrites and most groups of carbonaceous chondrites. Even relative to CI chondrites, EH and EL chondrites are enriched in F. We have found that literature values for the halogen abundance ratios in EH and EL chondrites are strongly correlated with the electronegativities of the individual halogens. We suggest that the most reactive halogens were the most efficient at forming compounds (e.g., halides) that were incorporated into EH-chondrite precursor materials. It seems plausible that, under the more-oxidizing conditions pertaining to the other chondrite groups, a larger fraction of the halogens remained in the gas. 
Introduction
Enstatite chondrites comprise two groups-EH (high total iron) and EL (low total iron)-that are the most reduced chondritic samples in our collections. These meteorites are important because they may have formed in the inner solar system (Wasson 1988) and contributed substantially to the accretion of the terrestrial planets. The scarcity of FeO in Mercury's spectrum (Vilas 1985 ) and Mercury's high inferred metal/silicate ratio led Wasson (1988) to suggest that Mercury was formed from materials related to enstatite chondrites. The rare gas abundances of the Venusian atmosphere (Donahue and Pollack 1983) resemble those of EH chondrites (Crabb and Anders 1981) , suggesting that many of the building blocks of Venus were enstatite chondrites (Wasson 1988) . The O-and N-isotopic bulk compositions of enstatite chondrites are similar to those of Earth and Mars (e.g., Clayton 1993; Javoy 1995; Mohapatra and Murty 2003) , leading some workers to suggest that these planets also accreted largely from enstatite-chondrite-like materials (e.g., Jagoutz et al. 1979; Javoy 1995) .
The great state of reduction of the enstatite chondrites is reflected in their mineralogy and modal mineral abundances. These rocks are characterized by (1) graphite and Si-rich metallic Fe (e.g., Keil 1968; Ramdohr 1973) , (2) very low concentrations of oxidized iron (e.g., *0.02-0.04 mol% Fs in EL6 enstatite grains; Wasson et al. 1994) , (3) high modal abundances of kamacite (e.g., *20-25 wt%; Keil 1968) , and (4) abundant sulfide (*10 wt%; Keil 1968) . Primary sulfide phases include oldhamite (CaS), niningerite (Mg,Fe)S, ferroan alabandite (Mn,Fe)S, daubréelite (FeCr 2 S 4 ), caswellsilverite (NaCrS 2 ), and Ti-bearing troilite (FeS); all of these minerals contain elements that are mainly lithophile under more oxidizing conditions.
The fugacities of some of the gas phases in the local region of the nebula where the enstatite chondrites formed may have been non-solar: e.g., the C/O ratio of the gas may have been close to unity (in contrast to the solar ratio of *0.6) (e.g., Lattimer et al. 1978; Larimer and Bartholomay 1979) and/or the pH 2 /pH 2 O ratio may have been above solar values (e.g., Wasson and Kallemeyn 1988) . The high sulfide contents of enstatite chondrites (e.g., *12 wt% in EH vs. *5 wt% in H chondrites; Keil 1968 Keil , 1962 ) also suggest a high pH 2 S/pH 2 ratio in the gas (Wasson and Kallemeyn 1988) , an inference consistent with experimental studies (e.g., Lauretta et al. 1997) .
Enstatite chondrites (particularly EH chondrites) contain higher CI-normalized abundances of some volatile and moderately volatile elements than other chondrite groups (e.g., Anders 1964; Baedecker and Wasson 1975; Palme et al. 1988; Davis 2006) . For these reduced, metal-and sulfide-rich meteorites, moderately volatile elements that are enriched include siderophiles (e.g., Ga, As, Sb, and Au), chalcophiles (e.g., S, Se), and P. (Under reducing conditions, P alloys with metal and forms phosphide and silicide phases associated with metal (e.g., Keil 1968; Reed 1968) .) The other volatile and moderately volatile elements that are highly enriched in enstatite chondrites are the halogens and nitrogen. This paper explores the possibility that the enrichment in halogens and nitrogen may have been facilitated by the reducing conditions under which the enstatite chondrites formed.
Sources of Data
The bulk compositional data in Table 1 are unitless CI-and Mg-normalized abundance ratios. Most of the data are from the compilation of Wasson and Kallemeyn (1988) ; the N data in EH and EL chondrites are from Grady et al. (1986) . Patzer et al. (2004) determined the bulk composition of the Grein 002 EL4 impact-melt breccia and reported concentrations of Br, N, and Mg (among other elements). Their CI-and Mg-normalized Br and N abundances are 0.27 and 0.22, respectively, compared to 0.15 and 0.22 in EL6 chondrites (Table 1 ). In the discussion below, we use the values listed in Table 1 .
The halogen values listed in Wasson and Kallemeyn (1988) are based on original data determined by a variety of methods including neutron activation analysis and spectrophotometric techniques. Wasson and Kallemeyn (1988) evaluated the original data, constructed multi-element plots looking for smooth chondritic trends, and determined weighted means for each element. Uncertainties in the original data reflect actual sampleto-sample compositional variations, analytical uncertainties (including counting statistics and incomplete yields), and laboratory contamination. The uncertainties are *25% for F (Reed 1964; Greenland and Lovering 1965; Allen and Clark 1977) , *50% for Cl (Greenland and Lovering 1965; von Gunten et al. 1965; Reed and Allen 1966; Goles et al. 1967; Quijano-Rico and Wänke 1969) , *20% for Br (Kallemeyn and Wasson 1986) , and *40% for I (Goles and Anders 1962; Reed and Allen 1966; Goles et al. 1967) .
The N abundances in EH and EL chondrites are based on the stepped pyrolysis experiments of Grady et al. (1986) and have errors of\5%. Nitrogen abundances for other chondrite groups in Table 1 are derived from Wasson and Kallemeyn (1988) .
All of the EL data in Table 1 are based on EL6 chondrites. EL chondrites of petrologic type \6 were recognized only after the Wasson and Kallemeyn (1988) compilation was published: EL3 (MAC 88136; Lin et al. 1991; Lin and El Goresy 2002) ; EL4 (QUE 94368 and Grein 002; Rubin 1997a; Patzer et al. 2004 ); EL5 (Tanezrouft 031 and TIL 91714; . Reed (1964) pointed out that the F abundance in different chondrite groups is roughly correlated with a particular group's degree of oxidation: F is highest in enstatite chondrites Condensation temperatures are for a solar-system-composition gas at a total pressure of 10 -4 bar (Lodders, 2003) . Most chondrite abundances are calculated from Wasson and Kallemeyn (1988) ; the EL-chondrite data are based only on EL6 chondrites. Nitrogen values in EH and EL chondrites are based on Grady et al. (1986) . A-R = Allred-Rochow electronegativity value; Pauling = Pauling scale electronegativity value
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and appreciably lower in both ordinary chondrites and carbonaceous chondrites (Table 1) . Chlorine, Br, and I have higher concentrations in CI chondrites than in other chondrite groups (Wasson and Kallemeyn, 1988 ). Nevertheless, Cl shows a pattern similar to that of F: it is higher in enstatite chondrites than in ordinary chondrites or CM, CO and CV chondrites. The Br abundance ratio in EH chondrites is essentially equivalent to that in CM chondrites and higher than those in other non-CI chondrite groups. The EL-chondrite Br abundance (Table 1) is slightly higher than those in ordinary chondrites, but lower than those in carbonaceous chondrites. (Although we are not considering the high Br abundance of 0.27 determined by Patzer et al. (2004) for Grein 002, inclusion of this datum would not change the general trends.) Iodine is highest in CM, appreciably lower in EH and CO, slightly lower still in CV, and much lower in ordinary chondrites and EL chondrites. The N abundances in EH and EL chondrites are appreciably lower than those in CI and CM chondrites, but much higher than those in other chondrite groups. EH chondrites are richer in halogens and nitrogen than EL chondrites (Table 1) . Although these differences in elemental abundances may, in part, have been inherited from the solar nebula, the EL-chondrite data compiled by Wasson and Kallemeyn (1988) are based solely on EL6 chondrites. These rocks were thermally metamorphosed and many have been interpreted as having been shock heated (e.g., Rubin , b, 1984 Rubin , 1997a Rubin , b, 2006 ; such processes plausibly resulted in the loss of an appreciable fraction of volatiles ) and could also have caused fractionation of N isotopes (Mohapatra and Murty 2004) . Unfortunately, no halogen or nitrogen data other than those of Patzer et al. (2004) for Br and N in Grein 002 are presently available for EL3, EL4, or EL5 chondrites.
Occurrences of Halogens
Among the halogens, F and Cl occur in measurable quantities in only a few phases in enstatite chondrites; the principal carriers of Br and I have not yet been identified.
(1) Fluor-richterite, an amphibole of formula Na 2 Ca(Mg, Fe) 5 Si 8 O 22 F 2 that contains *4.0-4.5 wt% F, occurs in the matrix of Abee (where it is present as rare 3.5-mmlong acicular grains; Douglas and Plant 1969; Olsen et al. 1973 ) and in St. Sauveur (where it occurs as *40 9 100-lm-size subhedral grains; Rubin 1983c). Both of these EH chondrites have been interpreted as impact-melt breccias Keil 2007) . A few aubrites also contain fluor-richterite (Bevan et al. 1977; Lin and Kimura 1998) . The fluor-richterite grains in the Mayo Belwa aubrite contain 7.2 wt% Na 2 O, 3.9 wt% F, and 0.48 wt% K 2 O (Table II of Bevan et al. 1977) , demonstrating that this volatile-bearing phase can form by crystallization from a melt. Rubin (2009) recently described Mayo Belwa as an aubrite impact-melt breccia. (2) Fluorphlogopite, a phyllosilicate of formula KMg 3 (Si 3 Al)O 10 F 2 that averages 5.1 wt% F, is present in the EH impact-melt rock Y 82189; it occurs as rare subhedral, 10-30-lm-size grains in association with enstatite, silica, and albite (Lin and Kimura 1998) . (3) Djerfisherite (K 6 Na 9 (Fe, Cu) 24 S 26 Cl) (which contains *1.5 wt% Cl; El Goresy et al. 1988; Lin and El Goresy 2002) forms millimeter-size clasts and veins in the matrix of EH3 Qingzhen, but is virtually absent from Qingzhen chondrules (Grossman et al. 1985; El Goresy et al. 1988) . It also occurs in other EH3 chondrites and as an accessory phase in EL3 chondrites (e.g., MAC 88136; Lin et al. 1991) .
(4) Chondrule glass in Qingzhen contains up to 4.4 wt% Cl (I and F were not determined; Grossman et al. 1985; El Goresy et al. 1988) . Chlorine-rich glass also occurs in EL3 MAC 88136 (Lin et al. 1991 ). (5) Lawrencite (FeCl 2 ) was reported in the EH4 Indarch fall occurring as thin rims around silica grains, as inclusions within kamacite and troilite, and as isolated grains in the matrix associated with enstatite (Keil 1968) . (Buchwald and Clarke (1989) called lawrencite a ''mineralogical chimera'' and found that the Cl-bearing phase associated with the metal in iron meteorites and ordinary chondrites is akaganéite, b-FeOOH, in many cases associated with goethite, a-FeO(OH). Nevertheless, the Fe-and Cl-bearing rims around silica grains in Indarch (Fig. 3 of Keil 1968 ) are unlikely to be alteration products of metallic Fe-Ni.)
Condensation of Halogens
As shown in Fig. 1 , the halogen abundance ratios in enstatite chondrites (Table 1) are not correlated with volatility (i.e., with the 50% equilibrium condensation temperatures of the elements from a gas with canonical solar-nebula compositions; Table 1 ), i.e., EH: r = 0.295, n = 4, 2a = 0.76 (significant only at the 24% confidence level for a two-tailed test); EL: r = 0.190, n = 4, 2a = 0.85 (significant at the 15% confidence level). (For these statistical tests, r is the correlation coefficient, n is the number of samples, and 2a is the significance level for a two-tailed test. The significance level is the probability of erroneously rejecting the null hypothesis when that hypothesis is true, i.e., committing a Type I error.) These results indicate that the halogen abundances in enstatite chondrites did not result mainly either from (1) chondrite agglomeration prior to the complete condensation of the halogens from gas with the canonical solar composition or (2) preferential loss of the morevolatile halogen species from enstatite-chondrite materials due to heating (e.g., chondrule formation or parent-body thermal or shock metamorphism). Nevertheless, it is possible that the EL data (which is based solely on EL6 chondrites) may have been affected by parentbody processing. In contrast, we find that the halogen abundance ratios in enstatite chondrites are correlated with the electronegativities (Allred-Rochow values) of the individual elements ( Fig. 2) : F (4.10), Cl (2.83), Br (2.74), and I (2.21). If we assume that the correlations are linear, we find that they are strong in both groups, i.e., EH: r = 0.982, 2a = 0.02, (significant at the 98% confidence level for a two-tailed test); EL: r = 0.959, 2a = 0.05 (significant at the 95% confidence level for a two-tailed test). The Pauling scale electronegativity values are similar (F = 3.98, Cl = 3.16, Br = 2.96, and I = 2.66) and produce similarly strong correlations.
The linear correlations between electronegativity and halogen abundance for the ordinary chondrites are somewhat lower (Fig. 3) and are due in part to the high abundance of F relative to those of the other halogens (thus approximating two-point correlations): H (r = 0.935, 2a = 0.09), L (r = 0.947, 2a = 0.07). There are no significant correlations between halogen abundance ratio and electronegativity for the carbonaceous chondrites: CM (r = -0.278), CO (r = 0.706), and CV (r = -0.019).
Under relatively oxidizing conditions, the halogens condense in apatite [Ca 5 (PO 4 ) 3 (F,Cl)] or sodalite [Na 4 (Si 3 Al 3 )O 12 Cl] (Lodders 2003) , but under the reducing conditions pertaining to the enstatite chondrites, phosphate and sodalite are absent (Keil 1968; Rubin 1997c) . The halogens are very reactive and the correlation between abundance and electronegativity in enstatite chondrites suggests that, under reducing conditions, the most reactive halogens were the most efficient at forming compounds that were incorporated into enstatite-chondrite precursor materials. These may have included simple metal halides such as FeCl 2 , MgF 2 , FeBr 2 , MgI 2 , etc. Lawrencite (FeCl 2 ) is the only simple halide that has so far been identified in enstatite chondrites (Keil 1968) .
At least some of the minor phases that are rich in halogens may be secondary. If so, then this indicates that these elements were redistributed during parent-body processing. In turn, this may explain why few of the proposed simple metal halides have been identified in these chondrites. Wasson and Kallemeyn (1988) The high abundance of F in the ordinary chondrites compared to those of the other halogens suggests that the F enrichment in ordinary chondrites may have been due to the same mechanism that caused its enrichment in enstatite chondrites, i.e., to the incorporation of a simple metal fluoride during accretion. Nevertheless, because the F contents of ordinary chondrites are much lower than those in enstatite chondrites, the process must have been much less efficient.
The lower halogen abundances in other chondrite groups (Table 1) implies that, under the more-oxidizing ambient nebular conditions that characterized the local environments where these other groups formed, a larger fraction of the halogens remained in the gas.
Occurrences of Nitrogen
The three principal N-rich minerals in enstatite chondrites are osbornite (TiN), sinoite (Si 2 N 2 O), and nierite (a-Si 3 N 4 ).
Graphite, an accessory constituent of enstatite chondrites (constituting, for example, 0.04 wt% of EH4 Indarch and 0.46 wt% of EH5 St. Mark's; Table 2 of Keil 1968) , contains small amounts of N. Individual occurrences of graphite in EH5 St. Mark's contain 300-1,200 ppm N and average 632 ± 321 ppm N (n = 13; e.g., Mostefaoui et al. 2005) . Graphite in St. Mark's therefore accounts for 2.9 ppm N in the whole rock. Stepped combustion and stepped pyrolysis experiments by Grady et al. (1986) indicate that the St. Mark's whole rock contains 195 ppm N. It is thus apparent that only about 1.5% of the N in St. Mark's is in graphite.
The low solubility of N 2 (g) in kamacite (e.g., Fegley 1983) implies that little of the N in enstatite chondrites is derived from the metal. Nevertheless, small amounts of N may be present in graphite grains intergrown with kamacite.
Osbornite occurs in impact-melted enstatite chondrites, a few EL6 chondrites (some of which may have been partly impact melted; e.g., Rubin 2006) , and a few aubrites (e.g., Derham et al. 1964; Buseck and Holdsworth 1972; Ramdohr 1973) . Kinsey et al. (1995) The occurrence of numerous small grains of osbornite in the Stardust sample of Comet Wild 2 indicates that this phase also formed by condensation in the solar nebula (Brownlee et al. 2008) , consistent with condensation calculations (e.g., Fegley 1983; Petaev et al. 1987; Lodders and Amari 2005) .
Sinoite occurs as 10-to 210-lm-size subhedral and euhedral grains in impact-melted portions of EL4 QUE 94368 (Rubin 1997a ) and as heterogeneously distributed euhedral grains in EL4 Grein 002 (Patzer et al. 2004 ). Sinoite has also been reported in an EL5 chondrite (TIL 91714) and in at least 10 EL6 chondrites (e.g., Bischoff and Zipfel 2003; Bischoff et al. 2005; Rubin 2006 ). Although Muenow et al. (1992) suggested that the EL6 sinoite grains formed by thermal metamorphism over long periods of time, in view of the interpretation that many of the EL6 chondrites are annealed impactmelt breccias (e.g., Rubin 2006) , it seems plausible that sinoite in these rocks formed by crystallization from impact melts (Rubin 1997a; Bischoff et al. 2005) . Consistent with this model is the report of that identified a single sinoite grain in a perchloric-acid-resistant residue of Abee, a rock interpreted to be an EH impactmelt breccia .
Nierite was reported in EH3 Qingzhen and EH4 Indarch as tiny (0.1-10 lm) grains associated with kamacite, perryite and schreibersite, phases that contain metallic Si in solid solution (Alexander et al. 1994; . Most of the nierite grains have solar Si-, N-and C-isotopic compositions, indicating that they are unlikely to be presolar (Alexander et al. 1994) . The high nebular pressures (*1 atm) required for nierite to condense at temperatures [400°C from a gas with a solar H/N ratio led Alexander et al. (1994) to suggest that the nierite grains in EH3 and EH4 chondrites formed during parent-body thermal metamorphism.
Condensation of Nitrogen
Nitrogen in the solar nebula occurs mainly as N 2 and, to a lesser extent, as NH 3 ; the overall N 2 /NH 3 ratio of the nebula was *4 (Womack et al. 1992) . Molecular nitrogen and ammonia are highly volatile phases that remained in the gas down to very low temperatures; thus, little nitrogen was incorporated into ordinary chondrites, CO, and CV chondrites. The comparatively high N contents of CI and CM chondrites are due mainly to the high modal abundances of soluble and insoluble N-bearing organic compounds in these rocks (e.g., Cronin et al. 1988; Pizzarello et al. 2006) .
Nitrogen has a very high electronegativity (with an Allred-Rochow value of 3.07 and a Pauling-scale value of 3.04). In the enstatite-chondrite region of the nebula, where the pH 2 S/pH 2 ratio may have been high and ambient conditions were reducing, small amounts of N could have reacted with various common species to produce condensable compounds (e.g., TiN, Si 3 N 4 , and S 4 N 4 ) that were incorporated into agglomerating EH and EL chondrites. Some of these phases may have condensed and then been destroyed and/or redistributed during parent-body processing. (Although AlN is expected to condense from the nebula, it converts to Al 2 O 3 and other Al-bearing phases as the nebula continues to cool (Lodders and Amari 2005) ).
The N-isotopic compositions of enstatite chondrites are a mixture of different N components (?20 to ?190%; Kung and Clayton 1978; Kerridge 1980; have heavier N. Some workers have suggested that the N-isotopic differences among these chondrite groups are not primordial, but rather result from thermal metamorphism and/or aqueous alteration of enstatite chondrites and concomitant loss of 15 N-rich labile organic matter (e.g., Sephton et al. 2003; Pearson et al. 2006) .
However, even relatively unequilibrated EH chondrites (e.g., EH3 Kota-Kota and EH4 Indarch) have isotopically light N (d 15 N&-20%; Grady et al. 1986 ). These low values may reflect the contribution of nitride condensates from the nebula that had d
15 N values close to the proposed nebular mean (*-360% to -400%, as estimated from Hashizume et al. 2000; Fouchet et al. 2000; Owen et al. 2001; and Meibom et al. 2007 ).
If we assume that chondrites have a mean d 15 N value of *40% (close to the bulk N-isotopic composition of CI and CM chondrites as given in the literature and determined by the pyrolysis and sealed-tube-digestion kjeldahl methods; Table 1 of Kung and Clayton 1978) and that enstatite chondrites have a bulk d 
Conclusions
Halogen abundance ratios in EH and EL chondrites are strongly correlated with the electronegativities of the individual halogens. Reducing conditions prevailed at the time and place in the solar nebula where the mineral precursors of enstatite chondrites condensed. These conditions may have been caused by high C/O ratios and/or high pH 2 /pH 2 O ratios in the local gas; the high modal abundances of sulfide phases in enstatite chondrites suggest that the pH 2 S/pH 2 ratio may also have been elevated. Because of the reducing conditions, enstatite chondrites (particularly EH chondrites) became enriched relative to most other chondrite groups in halogens (mainly F and, to a lesser extent, Cl) and nitrogen. These elements may have condensed as simple halides and nitrides, respectively, that were destroyed and/or redistributed during parent-body processing. Under the more-oxidizing conditions pertaining to the other chondrite groups, larger fractions of N and the halogens remained in the gas.
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